JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 102, NO. D14, PAGES 16,971-16,988, JULY 27, 1997

Remote sensing of aerosol properties over oceans using the
MODIS/EOS spectral radiances

D. Tanré,! Y. J. Kaufman,? M. Herman,! and S. Mattoo3

Abstract. Spectral radiances measured at the top of the atmosphere in a wide spectral
range (0.55-2.13 wm) are used to monitor the aerosol optical thickness and the aerosol
size distribution (integrated on the vertical column) of the ambient (undisturbed) aerosol
over the oceans. Even for the moderate resolution imaging spectrometer (MODIS) wide
spectral range, only three parameters that describe the aerosol loading and size
distribution can be retrieved. These three parameters are not always unique. For instance,
the spectral radiance of an aerosol with a bilognormal size distribution can be simulated
very well with a single lognormal aerosol with an appropriate mean radius and width of
distribution. Preassumptions on the general structure of the size distribution are therefore
required in the inversion of MODIS data. The retrieval of the aerosol properties is
performed using lookup table computations. The volume size distribution in the lookup
table is described with two lognormal modes: a single mode to describe the accumulation
mode particles (radius <0.5 um) and a single coarse mode to describe dust and/or salt
particles (radius >1.0 um). Note that two accumulation modes may be present, one
dominated by gas phase processes and a second dominated by cloud phase processes. The
coarse mode can also be split into several partially overlapping modes describing maritime
salt particles and dust. The aerosol parameters we expect to retrieve are m, the fractional
contribution of the accumulation mode to scattering; 7, the spectral optical thickness; and
7., the mean particle size of the dominant mode. Additional radiative quantities such as

asymmetry parameter and effective radius are derived subsequently. The impact of the
surface conditions, wind speed and chlorophyll content on the retrieval is estimated, the
impact of potential sources of error like the calibration of the instrument is also tested.
The algorithm has been applied successfully to actual data sets provided by the Thematic
Mapper on Landsat 5 and by the MODIS airborne simulator on the ER-2 and tested
against ground and airborne measurements. A first estimate of the general accuracy is
At = =0.05 = 0.057 (at 550 nm), Ar,, = 0.3r,,, An = £0.25.

1. Introduction

Several core projects of the International Geosphere-
Biosphere Program (IGBP-Global Change) are devoted to the
role of aerosol particles: (1) aerosol is important in geochemi-
cal cycles, (2) it plays a role in tropospheric chemistry, and (3)
it has to be considered in climate modeling because of its direct
and indirect radiative effects. For a detailed review and illus-
trations of its potential impact, the reader is referred to the
overview of this special issue [Kaufman et al., this issue]. It is
clear that understanding of the links between the different
processes requires global coverage from satellite, but all the
“key” aerosol parameters, optical, physical, and chemical prop-
erties, cannot be detected from space.

Since the detected radiation corresponds to solar light re-
flected simultaneously by the aerosol layer and by the Earth
surface, the first step in deriving the aerosol properties is to
correct the satellite signal for the surface contribution. Only
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then can the aerosol contribution to the detected radiance be
related to the aerosol optical properties: the optical thickness
(related to the aerosol content), the ratio between the scatter-
ing and the absorption efficiencies of the aerosol particles, the
phase function, and the polarization ratio. These aerosol op-
tical characteristics can be related to their physical/chemical
properties (composition, refractive index, and size distribu-
tion) which can be described in mathematical terms using the
Mie theory for spherical particles [Van de Hulst, 1957] or al-
ternative theories for other shapes [Wiscombe and Mugnai,
1988; Koepke and Hess, 1988; Mishchenko and Travis, 1994;
Mishchenko et al., 1995]. '

With new sensor capabilities, POLDER [Deschamps et al.,
1994] on ADEOS 1 launched in August 1996, MODIS
[Salomonson et al., 1989] and MISR [Diner et al., 1989] on EOS
AM 1 scheduled in June 1998, and EOSP [Travis, 1993] on
EOS AM 2 scheduled in 2004, more information using the
solar-reflected radiances will be available. The spectral signa-
ture over a wide spectral range [King et al., 1992], the angular
dependence [Martonchick and Diner, 1992], and the polariza-
tion characteristics [Deuzé et al., 1993] of the surface-
atmosphere system will be measured. Here we are concerned
with the use of MODIS spectral radiances measured over a
dark ocean surface. The aerosol quantities which can be de-
rived from the current satellites are very restricted due to the
limited number of available channels, one channel for GOES
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Tabie ia. Characteristics of the MODIS Channels Used
for the Aerosol Retrieval Over Ocean

Center Maximum Pixel Size at
Wavelength NeAL NeAp Reflectance SNR  Nadir, m
470 0.145 235x107* 0.96 243 500
555 0.127 211 x10™* 0.86 228 500
659 0.170 3.39 x 10~* 1.38 128 250
865 0.123 3.99 x 10~* 0.92 201 250
1240 0.073 5.06 X 10~* 0.47 74 500
1640 0.027 3.63 x 10~* 0.94 275 500
2130 0.009 3.06 x 10~* 0.75 110 500

MODIS, moderate resolution imaging spectrometer. NeAp corre-
sponds to a Sun at zenith (6, = 0°). SNR, signal to noise ratio.

or Meteosat and two channels for AVHRR/NOAA,; for exam-
ple, see Fraser [1976], Mekler et al. [1977], Carison [1979],

(vicae [10701 Kaonke and Diuionzol 110701 Nartan of a1 110201

Griggs [1979), Koepke and Quenzel [1979], Nortor et al. [1980],
Durkee [1985], Rao et al. [1989], Kaufman et al. [1990], Dulac et
al. [1992] and Jankowiak and Tanré [1992]. Typically, these
algorithms can derive only the total aerosol content assuming
an aerosol model representative of the local conditions. With
the MODIS instrument we first expected to retrieve aerosol
size distribution from the spectral signature of the radiances,
between 0.415 and 2.2 pum, using an approach developed by
King et al. [1978] but for the spectral signature of the optical
thickness measurements. However, a recent sensitivity study
[Tanré et al., 1996] showed the limitation of the retrieval using
the satelhte radiance. Because of possible compensation be-
tween the spectral dependence of the phase function and that
of the optical thickness, the radiance which is the product of
both can be spectrally independent. Note also that narrow
width of the lognormal distribution of an accumulation mode
can cause an erratic spectral dependence of L(A) as shown by
Kaufman et al. [1990] for AVHRR and by Tanré et al. [1996]
for MODIS. Since sensitivity of the spectral reflected radiances
to details of the aerosol size distribution may be low and
because of lack of uniqueness of the general solution, we
changed our philosophy regarding the retrieval scheme. In-
stead of deriving the actual aerosol size distribution, in addi-
tion to the aerosol spectral optical thickness and loading, we
plan to derive (1) m, the fractional contribution of the accu-
mulation mode to scattering, and (2) the specific size of the
dominant aerosol mode.

We present in this paper our strategy for inversion of the
MODIS spectral data as well as some preliminary results ob-
tained from existing data sets. Section 2 recalls the MODIS
characteristics. The strategy is explained in section 3, the al-
gorithm is described in section 4 and the sensitivity study in
section 5. In section 6 the algorithm is applied to Thematic
Mapper (TM) data on Landsat 5, which has similar spectral
bands to MODIS and to the MODIS airborne simulator on the
ER-2. Discussion of some issues, like the cloud screening, the
stratospheric correction, or the uniformity of the aerosol layer
is given in section 7.

‘2. Characteristics of the MODIS Instrument

The moderate resolution imaging spectrometer (MODIS)
instrument is designed to fly on the EOS (Earth Orbiting
System) morning and afternoon platforms, with daily global
coverage. It is dedicated to perform measurements in the solar
spectrum and the infrared regions from 0.415 to 14.235 um
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[Saiomonson et ai., 1989]. The characteristics of the seven spec-
tral bands which are potentially useful for the remote sensing
of aerosols are reported in Table 1a. The spectral domain of
interest is covered by three of the four focal planes, the visible
(VIS) from 0.412 to 0.551 wm, the near infrared (NIR) from
0.650 to 0.940 wm, and the short-wavelength/medium-
wavelength infrared (SWIR/MWIR) from 1.240 to 4.565 pm.
The spectral stability is expected to be better than 2 nm and the
instantaneous field of view varies between 250 and 500 m. The
noise equivalent differential spectral radiance (NeAL in W/

m?/um/sr) is also reported as well as the NeAp computed from

NeAp = NeAL (1)

F,cos (6,)
where F, is the extraterrestrial solar irradiance and 6, = Arcos
(m,) is the solar zenith angle. In Table 1a, NeAp is given for
a Sun at zenith (8, = 0°).

Because the aerosoi ioading is usually expressed by the aero-
sol optical thickness instead of reflectance or radiance values,
we computed the corresponding NeAr using the single-
scattering approximation,

A Wopts  TNeAL 4p,
NeAp S h(@) = " F,  wP(0)

The NeAr reported in Table 1b is estimated in the most
unfavorable conditions, i.e.; in the 2.13 wm channel where the
optical thickness is expected to be minimum. Two cases are
selected, pure maritime conditions and presence of Saharan
dust. Again conservative conditions are selected, i.e., a nadir
observation (u, = 1) and the lowest value of the phase
function obtained for a scattering angle around 120°. Following
Shettle and Fenn [1979], a value of 0.05 is considered for the
phase function of the dust-like model, while for maritime con-
ditions the phase function is slightly larger, around 0.08. The
result is a noise equivalent differential spectral thickness of
2.4 X 1072 for Saharan dust and of 1.5 X 10~2 for maritime
conditions (Table 1b). As the aerosol product is not given on a
pixel by pixel basis (0.5 X 0.5 km?) but rather over a grid, we
consider two grid sizes, 10 X 10 km? or 50 X 50 km? to divide
the noise by a factor 20 and 100, respectively. From Hoppel et
al. [1990], who reports Angstrom parameters for very clean air,
the expected optical thickness, 7, in the 2.13 um channel,
would be around 0.01 for maritime aerosols, while for dust, a
minimum value of 0.05 can be assumed [Tanré et al., 1988b)].
The signal to noise ratio (SNR) defined by 7*/NeAr is re-
ported in Table 1b. Let us emphasize that the values are
slightly overestimated because it is unlikely that all pixels in an
area will be cloud free. Since the global cloud cover is about
0.6, the number of useful pixels is reduced by a factor of 0.4
and SNR goes down by about a factor of 0.63. The aerosol
product will be delivered over a grid of 10 X 10 km? but will be

NeAr =

(2

Table 1b. Aerosol Optical Thickness Sensitivity at 2.13 wm
Resulting From Radiometric Noise

Grid Size, NeAr NeAr
km? (Dust) SNR (Maritime) SNR
0.5 X 0.5 24 %1072 2.0 1.5x 1072 0.66
10 X 10 1.2x1073 42 0.8 X 1073 13
50 X 50 2.4 x107* 208 1.5 X107 66

Dust and maritime conditions are considered.
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also gridded on a 1° X 1° grid, thus increasing the SNR in clean
conditions.

3. Strategy

Our strategy is based on a lookup table (LUT) approach;
that is, radiative transfer calculations are precomputed for
several values of the aérosol and surface parameters. The mea-
sured spectral radiances are compared with the LUT radiances
until the best “fit” is obtained. This best fit, or several of the
best fits, is the answer of the inversion. The input parameters,
aerosol models, and surface conditions, needed for performing
the computations, are hereinafter described.

3.1. Aerosol Models

Aerosols are formed through two main processes, a primary
source which includes dispersion of material from the Earth’s
surface (like soil dust, sea-salt particles, biomass burning, in-
dustrial debris) and a secondary source resulting from atmo-
spheric chemical reactions or condensation or coagulation pro-
cesses (the reader is referred to Mészraros [1981] and Hidy
[1984] books for more details). There are several classifications
of atmospheric aerosols, but the most widely used is according
to their size. Whitby [1978] showed that an actual size distri-
bution can be expressed by a sum of lognormal functions, each
representing a differeént physical or chemical process. He sug-
gests three modes, a nuclei mode, generated by spontaneous
nucleation of the gaseous material for particles less than 0.04
wm diameter, the accumulation mode for particles beétween
0.04 and 0.5 um diameter resulting from coagulation and in
cloud processes [Hoppel et al., 1990], and the coarse mode with
particles larger than 1.0 um diameter for aerosols originating
from the Earth’s surface (land and ocean). The classification is
quite similar to the Junge’s [1963] designation who refers to
Aitken, large and giant particles.

The use of the lognormal functions for tropospheric aerosol
size distribution was also suggested by Shettle and Fenn [1979],
d’Alméida [1987), Kaufman et al. [1994], and Kaufman and
Holben [1996]. Therefore we can assume that aerosol size
distributions follow a lognormal distribution, or a sum of sev-
eral, defined by

dN(r) N
n)=—g = 2m)"%2.3r exp{ B

where N is the density number, r,, is the median radius, and o is
the standard deviation of log r; that is, o = ((log r — log
).

We shall assume that after correction for stratospheric aero-
sol, the tropospheric aerosol model is described by a bimodal
distribution, i.e., a sum of 2 lognormals,

20?

(logr — logr,,,)z} 3)

Parameters of Lognormal Size Distribution for

Table 2a.

Small Mode _

Aerosol Median Radius Refractive

Model r, s.d., o* Index
M 0.02 0.60 1.45-0.0035:
Ss 0.04 0.60 1.45-0.0035;
Sc 0.04 0.40 1.45-0.0035:
Sp 0.08 0.60 1.40-0.0035i

E 0.08 0.40 1.40-0.0035;
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Table 2b. Parameters of Lognormal Size Distribution for
Large Mode

Aerosol Median s.d., Refractive
Model Radius r, a Index
L, 0.40 0.60 1.40-0.0035:
Ly 0.60 0.40 1.40-0.0035;
L¢ 0.60 0.60 1.45-0.0035;
L, 0.60 0.80 1.45-0.0035i
Lg 1.00 0.60 1.50-0.0035;
Ly 1.00 0.80 1.50-0.0035;
‘ dN(r) dN (r)
n(r) = E (4)

where (dNj(r)/dr) expressed in terms of natural logarithm is

given by
dN; N; )
n_ 11 o

1 Inr—Inr
dr (277)1/202 3r P 7262\ In (10)

The nuclei mode is not considered since it corresponds to
particles that are too small to-be detected from the scattered
light.

The parameters o, r,,, of each mode in (5), called hereinafter
small (§) and large (L) modes are reported in Tables 2a and
2b, i.e., the median radius, the standard deviation (natural
logarithm), and the refractive index. The small mode merges
the contribution to the accumulation mode that is dominated
by gas phase processes with. that by cloud phase processes. The
large mode merges maritime particles with dust. The selected
aerosol models are derived mainly from ground-based sam-
pling of the aerosol characteristics, and they may not. fully
represent the optical properties of the ambient aerosol inte-
grated on the vertical column. In order to avoid this difficulty
there is a need to measure the climatology and variability of
the size distribution and scattering phase function of the am-
bient undisturbed aerosol, integrated on the vertical column. A
network of Sun/sky radiometers is being developed and imple-
mented to perform such measurements [Holben et al., 1996].
The optical data collected by such instruments (for example, of
measurements and analysis, see Nakajima et al. [1983] and
Kaufman et al. [1994]) will be used to test and modify the
present aerosol models.

3.2: Physical Processes

The satellite signal is composed from two contributions,
atmospheric radiative processes and surface reflection. The
radiative code developed by Ahmad and Fraser [1982] is used in
the computations. It accounts for multiple scattering in the
atmosphere by molecules and aerosol particles and for reflec-
tion of the light by the surface. It also includes polarization
effects. Over the ocean the surface reflection includes three
contributions: the Fresnel reflection oii the waves called “glit-
ter,” the lambertian reflectance coming from underwater scat-
tering elements (sediments, pigments, etc.), and reflection by
foam.

The Fresnel reflection on the sea surface is calculated using
the rough ocean model proposed by Cox and Munk [1954].
They give the probability distribution of surface slopes as a
function of the wind speed and direction. In our computations,
we selected the simple case of an ocean independent on the
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Table 3a. Optical Properties and Effective Radius of Size
Distribution for Small Modes

Aerosol Effective Single-Scattering Asymmetry Backscattering
Model  Radius Albedo Factor Ratio
Sa4 0.05 0.932 0.367 0.360
Sg 0.10 0.969 0.588 0.270
Sc 0.06 0.920 0.269 0.398
Sp 0.20 0.976 0.720 0.210
Sg 0.12 0.967 0.567 0.280

Optical properties are given at 550 nm.

wind direction. The specular reflection of the light by waves is
given by the classical fresnel equations. Because the glitter
contribution is several orders of magnitude larger than the
aerosol contribution, we will avoid pixels which are close to the
specular direction (i.e., £30° around the solar zenith angle and
+30° around the solar azimuth angle); efforts are under way to
better define the glint mask. Even far from the specular direc-
tion, the sea surface contributes through the Fresnel reflection
of the diffuse skylight.

The percentage of the sea covered by foam depends on the
wind speed following Koepke’s [1984] model. According to
Payne [1972] the reflectance of the foam is assumed lamber-
tian. In the visible and near-infrared parts of the spectrum the
reflectance of the foam is assumed independent of the wave-
length. It is also assumed that the reflectance in the SWIR
comparing with the visible/NIR reflectance decreases by a fac-
tor of 0.8, 0.5, and 0.25 at 1240, 1640, and 2130 nm, respectively
[Whitlock et al., 1982]. Recent measurements [Frouin et al.,
1996] show that this spectral dependence is questionable, even
in the NIR at 865 nm, and may result in additional uncertainties.

The water-leaving radiance depends on turbidity and pig-
ment concentrations. Waters with high chlorophyll contents
(called case 1 by Morel and Prieur [1977]) show large variations
of the reflectance at 470 nm relative to the pigment concen-
trations. Reflectance at 555 nm may be also affected for pig-
ment concentrations larger than 0.5 mg/m® [Gordon, this is-
sue], but reflectances are quite stable in the other bands. Case
1 is representative of open ocean conditions. The band at 659
nm can be affected by chlorophyll a fluorescence, but the
resulting error is negligible [Gordon, 1979]. On the other hand,
waters with higher concentrations of inorganic particles rela-
tive to phytoplankton (called case 2) show large variation in the
470, 555, and 659 nm channels, and the resulting uncertainty in
the surface reflectance values is large. They are usually repre-
sentative of coastal zones, and the retrieved aerosol parame-
ters can be flagged as less reliable in these regions.

3.3. Description of the Lookup Table (LUT)

We generated a lookup table of the radiance detected in the
MODIS spectral bands for each aerosol size mode, the small
particle mode (five cases) describing the accumulation mode
particles, and the large particle mode (six cases) describing the
coarse particles. Radiative properties are reported in Tables 3a
and 3b, respectively.

Several values of aerosol total loading are considered for
each mode and described by the optical thickness 7 at 0.55 pm.
Extreme conditions are included in the LUT, a pure molecular
atmosphere (7, = 0.0) and a very turbid atmosphere (1, =
2.0) as observed during dust events [Tanré et al., 1988b] or in
smoke plumes generated from biomass burning [Holben et al.,
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1991]. Three intermediate values are considered (7, = 0.2,
0.5, 1.0), a linear interpolation between them (or a more
sophisticated method) is then applied. Computations are per-
formed for 15 zenith view angles (6, = 0° to 84 by step of 6°)
and 46 azimuth angles (¢, = 0° to 180° by step of 4°); one Sun
incident angle has been presently considered, 6, = 36° and
¢, = 0°. Additional solar incident angles will be used in the
final algorithm.

The existing computations have been performed for wind
speed of 7.0 m/s and a zero water-leaving radiance in all the
channels. We shall build additional LUT for other wind speeds
and for different chlorophyll concentrations; the most appro-
priate LUT will be selected from the wind speed made avail-
able to Mission to Planet Earth Program by the Laboratory for
Atmospheres Data Assimilation Office (DAO) at Goddard
Space Flight Center (GSFC) [Schubert et al., 1993] and from
the chlorophyll content derived from other MODIS channels
[Gordon, this issue].

4. Description of the Algorithm

Our approach to generate the LUT and to use them is based
on the recent simplification suggested by Wang and Gordon
[1994] that the multiple-scattering radiance from two lognor-
mals can be approximated by the weighted average of the
radiances of the individual modes, calculated for the same
optical thickness. When the two modes have different absorb-
ing properties, difficulties are encountered [Kahn et al., this
issue], but we decided to adopt this approximation in the
present study because the condition of application is generally
achieved. The advantage of this important simplification is that
the LUT has now only 11 aerosol models (5 small and 6 large)
instead of 281 combinations, assuming, for instance, 11 relative
concentrations between the two modes (281 =5 (n = 0) + 6
(m=1)+5 X6 X9(n=1to9)). The input of the algorithm
is the averaged cloud-free MODIS measurements in the seven
solar bands over a box of 10 X 10 km? or of 50 X 50 km? (the
cloud screening and the data processing for handling the pos-
sible nonuniformity of the aerosol layer, type, and content
within the box are not discussed here).

4.1.
The total radiance, L, at the satellite level is written

Lf\("‘s: Mooy qbv) = nLS)\(”’w [22%) ¢v) + (1 - n)Lf\(lJ“s’ Mooy d%)

(6)

where L5 (j,, o, ¢,) and L4 (p,, p,, ¢,) are the radiances
of the small (§) and large (L) modes, respectively. Equation
(6) assumes that the effect of multiple scattering on the spec-

Principle

Table 3b. Optical Properties and Effective Radius of Size
Distribution for Large Modes

Aerosol Effective Single-Scattering Asymmetry Backscattering
Model  Radius Albedo Factor Ratio
L, 0.98 0.938 0.764 0.172
Lg 0.89 0.939 0.744 0.181
L¢ 1.48 0.905 0.763 0.167
L, 297 0.856 0.805 0.142
L 2.46 0.857 0.799 0.144
Ly 4.95 0.810 0.828 0.125

Optical properties are given at 550 nm.
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Table 4a. Optical Properties and Effective Radius of Input Data Sets Included in Lookup
Table
Small Large Optical Asymmetry
Case Mode Tige Mode rlee T off Ratio n Thickness 7 Factor ¢
0 coe oo s s 0000 cen
1 S 0.049 0.049 1.00 0.200 0.367
2 S4 0.049 0.049 1.00 0.500 0.367
3 S4 0.049 0.049 1.00 1.000 0.367
4 S, 0.049 0.049 1.00 2.000 0.367
5 Sg 0.098 oer e 0.098 1.00 0.500 0.588
6 o L, 0.984 0.984 0.00 0.200 0.764
7 L, 0.984 0.984 0.00 0.500 0.764
8 L, 0.984 0.984 0.00 1.000 0.764
9 e cee L, 0.984 0.984 0.00 2.000 0.764
10 S 0.049 L, 0.984 0.077 0.41 0.200 0.573
11 S4 0.049 L, 0.984 0.077 0.41 0.500 0.573

Optical properties are given at 550 nm.

tral radiance is independent on the size distribution. The ob-
jective is to retrieve the ratio m and the small and large modes
of the size distribution which give the best fit between the
measurements and the LUT computations. The total aerosol
optical thickness and the optical thicknesses of each mode at
550 nm is also derived.

The selection of the aerosol models is performed by mini-
mizing the following quantity e,

(N

Es1i =

l é (Lf(l-".w 2 (bv) - Li(”‘x’ 2] 4)1.:))2
n = Li(ps, o ¢,) +0.01

where L7 (g, o, ¢,) and Ly, p,, ¢,) are the measured
and the computed radiances in channel k, and i is the combi-
nation index (i = 1, 5 X 6). The radiances are normalized to
reflectance units. For clean conditions with strong spectral
dependence, L7 50( ity Mos ¢,) is close to 0.0 with high un-
certainty in its relative value. The constant “0.01” in (7) min-
imizes this uncertainty on the retrieval; a sensitivity study
showed that its exact value is not critical. In the shortest chan-
nel (470 nm) the surface contribution is very uncertain if in-
formation on the ocean color is not available. As it may result
in errors in the estimate of the aerosol contribution, it will be
ignored in the retrieval algorithm, and the summation term n
in (7) is equal to 6.

4.2. Method

For the five small particle modes and the six large modes the
radiances L3 (p,, i,, ¢,) and Ly (u,, i, ¢,) are in the LUT
for the five values of the aerosol optical thickness 7, at 550 nm
(0.0, 0.2, 0.5, 1.0, and 2.0) and for the geometrical conditions
corresponding to the observations. As already mentioned, the
surface conditions of the LUT, wind speed, and chlorophyll
content are selected from ancillary data. Given one of the 30
possible combinations of small (§) and large (L) modes, for
any value of m, we can compute the total radiance LSso( s,
K, ¢,) from (6) for each of the five values of the optical
thickness. The optical thickness is derived from the radiance at
550 nm by linear interpolation for the considered combination.
For each mode the optical thickness is derived in the five other
channels, and the satellite radiances are computed using (6) in
order to obtain the quantity ¢, defined in (7). In this retrieval
process, the combination that gives the smallest residual error
g,,(m) for the best selected value of 7 is called the best solu-

tion. We also provide the aerosol parameters averaged over
the models i which gives &,,; < 3%; it is called average
solution, and the standard deviation is also provided.

4.3. By-products

Simultaneously to the computation of the ratio between the
modes 7, the effective radius of the dominant mode, and the
spectral optical thickness 7,, associated parameters are also
computed in the LUT; they correspond to quantities which
govern the radiative transfer computations and aerosol direct
forcing (asymmetry factor and backscattering ratio) and to
physical properties like the number of particles, the cloud
condensation nuclei (CCN) number, or the moments of the
size distribution. We do not derive the single-scattering albedo
since we showed in a previous study [Tanré et al., 1996] that the
spectral dependence of the radiance is independent of the real
and imaginary parts of the refractive index, while the aerosol
effective radius should be accurately determined, even if the
actual size distribution does not follow a simple lognormal law
[Hansen and Hovenier, 1974], the other physical parameters
like the mass or the CCN number depend on the exact shape
of the size distribution. Since they are not reliable at this stage,
they are not delivered as products but are rather considered as
research tools. Nevertheless, they are very interesting to re-
trieve on a global scale. Further studies will show for which
aerosol types and for what conditions these additional param-
eters are representative.

Let us mention that the derivation of these products needs
additional computations since the weight used to combine the
radiances is not the same weight that is used to combine the
aerosol modes. So, the optical thicknesses of the small and
large modes are first retrieved, then the asymmetry parameter
and the backscattering ratio are computed from equations
(A2) and (A4) reported in the Appendix. The number of
particles per cubic meter of each mode, N* and N’, are also
derived from the ratio between the optical thicknesses and the
extinction coefficients; next the moments of the size distribu-
tion (volume and effective radius mainly) and the number of
CCN are computed from (A6) to (AS8).

5. Sensitivity Study

We have tested the algorithm by applying it to (1) data sets
which are included in the LUT and (2) data sets where the
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Table 4b. Optical Properties and Effective Radius of Input Data Sets Not Included in Lookup Table

Small Large Optical Asymmetry Additional
Case Mode rig Mode Ly Test Ratio 7 Thickness 7 Factor g Variable
12 Sy 0.098 e 0.098 1.00 0.350 0.588 T, #
13 Sg 0.098 e e 0.098 1.00 0.850 0.588 T, *
14 en .- Ly 0.890 0.890 0.00 0.350 0.744 T, #
15 .- .. Ly 0.890 0.890 0.00 0.850 0.744 T, #
16 Sy 0.098 Ly 0.890 0.380 0.15 0.350 0.706 T, #
17 Sy 0.098 Ly, 0.890 0.380 0.15 0.850 0.706 T, #
18 Sz 0.098 Ly 0.890 0.130 0.70 0.850 0.620 T, #
19 S4 0.049 .o e 0.049 1.00 0.200 0.367 v=>5ms"
20 cee e L, 0.984 0.984 0.00 0.200 0.764 v=>5ms"?
21 S 4 0.049 L, 0.984 0.077 041 0.200 0.572 v=5ms™!
22 S4 0.049 e e 0.049 1.00 0.200 0.367 m = 1.50
23 e e Ly, 2.970 2.970 0.00 0.200 0.805 m = 1.50
24 S 4 0.049 L, 2.970 0.395 0.15 0.200 0.711 m = 1.50
25 S4 0.049 Ly 2.970 0.086 0.70 0.200 0.481 m = 1.50

Optical properties are given at 550 nm.

value of one of the parameters, for example, optical thickness,
wind speed, or refractive index, is not included in the LUT. In
addition, we have performed simulations for considering issues
like sensor calibration, contamination by glint, and wrong es-
timate of the water-leaving radiance. Results of the sensitivity
study are provided for the following aerosol products: (1) the
optical thickness T, at 550 nm, (2) the ratio 7 between the
contributions to the radiance of the two modes, (3) the effec-
tive radius of the complete size distribution 7., and (4) the
asymmetry parameter g at 550 nm. '

We also discuss the accuracy of the retrieval of the median
radius and of the standard deviation of the two modes in the
simple case where there is no additional error.

5.1. Description of Input Data Sets

Table 4a describes sensitivity study cases for which the input
is included in the LUT (cases 0-11). For the case of a single
mode we selected two small modes S, and S (see Table 2a)
and one large mode L , (see Table 2b); several optical thick-
nesses are considered, 0.0, 0.2, 0.5, 1.0, and 2.0. A mixing of the
modes S, and L , with = 0.41 have been performed for two
values of the optical thickness, 7, = 0.20 and 0.50.

Table 4b summarizes the data sets where parameters are not
included in the LUT. For several combinations of the small
mode S and the large mode Lz we check the impact of the
aerosol optical thickness with two additional values of 7,,, 0.35
and 0.85 (cases 12-18). Single modes, small mode S (cases 12
and 13) and large mode L (cases 14 and 15), double mode
mixing Sz and L (cases 16-19), with 1 = 0.15 and 0.70, are
considered. The impact of the wind speed is checked by using
additional simulations with a wind speed of 5.0 m s~ instead
of 7.0 m s~ for several aerosol models: single modes with S
(case 19) and L , (case 20) and a double mode mixing S, and
L, with n = 0.41 (case 21). Since the errors affecting the
radiances have a greater impact on derived quantities when the
aerosol contribution is small, the smallest value of the optical
thickness (7, = 0.20) has been selected. The impact of the
refractive index is tested. In cases 22 to 25, simulations are
performed with a refractive index m = 1.50 and inverted with
m = 1.45 for single modes, S, and L,, and also for a
two-mode size distribution mixing S, and L, with n = 0.15
and 0.70. Again the smallest value of the optical thickness has
been selected in the simulation since multiple scattering which

occurs for large 7, is expected to smooth the impact of the
actual phase function.

5.2. Results With no Additional Errors

We first consider perfectly measured radiances; that is, there
are no calibration errors, and there is no uncertainty in the
surface reflectance, except due to error in the wind speed. For
the four quantities 7,, m, 7., and g we adopt a scatter diagram
plotting the retrieved values as a function of the input values
(Figure 1). In quarter a, we report results obtained with inputs
that are already included in the LUT, i.e., 11 cases (cases
1-11); in quarter b, we consider the 7 cases (cases 12-18)
where the optical thickness values are not included in the LUT;
in quarter c, the impact of the wind speed is considered (cases
19-21); and finally, we assess the effect of the refractive index

®  Best Solution T ret
X Average a
0 ' 05 \ 0.5 1.0
0.5 s
true_|(b) =, not in the LUT (@) input in the LUT tre
@ (c) wind speed d) refractive index “a
03 0.5
10 0.5 Y 0.5 1.0
o et

a

Figure 1. Scatter diagram of the optical thickness; the x axis
corresponds to the input and the y axis to the retrieved values.
Each quarter is devoted to a specific sensitivity study. Quarter
a corresponds to-an inversion where all the input are included
in the lookup table (LUT). Quarter b corresponds to an inver-
sion with values of the optical thickness not included in the
LUT. Quarter c corresponds to a different wind speed. Quar-
ter d corresponds to a different refractive index. The black dots
correspond to the “best” model and the crosses to the “aver-
age” solution (see text). Error bars correspond to the standard
deviation of the “average” solution.



TANRE ET AL.: REMOTE SENSING OF PROPERTIES OVER OCEANS

Table 5a.

With All Parameters Included in LUT

Input and Retrieved Characteristics of Aerosol Models for “Best” Retrieval

Input Values

Retrieved Values

Median Median Median Median
Case Radiusri, sd.o® Radiusr, sd. ¢’ Radiusr, sd. o° Radiusr,, sd. o’
1 0.02 0.60 0.02 0.60
2 0.02 0.60 0.02 0.60
3 0.02 0.60 0.02 0.60
4 0.02 0.60 0.02 0.60
5 0.04 0.60 e e 0.04 0.60 <o o
6 e e 0.40 0.60 R e 0.40 0.60
7 .0.40 0.60 0.40 0.60
8 0.40 0.60 0.40 0.60
9 e e 0.40 0.60 cee e 0.40 0.60
10 0.02 0.60 0.40 0.60 0.02 0.60 0.40 0.60
11 0.02 0.60 0.40 0.60 0.02 0.60 0.40 0.60

16,977

in quarter d (cases 22-25). The black dots correspond to the
“best” model and the crosses to the “average” solution as
defined in section 4.2; the standard deviation of the “average”
solution is given if appropriate. The median radius and the
standard deviation of the modes are reported in Tables 5a and
5b for the “best” solution and in Tables 6a and 6b for the
“average” solution.

5.2.1. Optical thickness 7,. Note in Figure 1 the very
good agreement for the “best” solution (black dots). The av-
erage solutions (crosses) may lead to slightly different values,
but the general feature is that the optical thickness is retrieved
with a very good accuracy, even when uncertainties in the
refractive index and wind speed are introduced. Cases for 7, =
2.0 (cases 4 and 9) are perfectly retrieved but are not reported
in the plot, in order to keep a high resolution of the display
results.

5.2.2. Ratio m. Similar positive conclusions can be made
for the ratio m in Figure 2 when only the “best” solutions (black
dots) are considered. On the other hand, large variations are
observed in the “average” solutions (crosses) for double
modes; that is, when 1 # 0.0 and 1.0. Because of the lack of
uniqueness in the relationship between physical and optical
properties [Tanré et al., 1996], large fluctuations in the re-
trieved physical properties may occur, as already noticed in

Table 5b.
With Parameters Not Included in LUT

Tables 6a and 6b, and as a result, the algorithm has to com-
pensate for them by selecting a wrong ratio 7. It is interesting
to notice that the standard deviation (error bars) is a good
measure of the quality of the retrieval; when it is small, the
“average” and “best” values are similar and quite close to the
expected value.

5.2.3. Effective radiusr. Results for the effective radius
rog are reported in Figure 3. Because of scale problem, Figure
3b is an enhancement of Figure 3a and roughly corresponds to
the accumulation mode with values of 7. smaller than 0.40.
For the accumulation mode (Figure 3b), for single or double
modes, the “best” effective radius (black dots) is well retrieved,
while the “average” solution (crosses) can be far from the input
value. These cases correspond to mixed mode. Again the stan-
dard deviation is a good indicator of the quality of the retrieval.
For larger particles (Figure 3a) the retrieval is very well per-
formed in quarters a, b, and, to a lesser extent, in quarter c.
However, if uncertainty in the refractive index is considered,
large errors result for both “best” and “average” solutions in
quarter d. This is because the sensitivity of the spectral depen-
dence is very weak for large particles, and a small uncertainty
in this aerosol property has a large impact. Although the exact
characteristics of the coarse mode are difficult to assess, it is

Input and Retrieved Characteristics of Aerosol Models for “Best” Retrieval

Input Values

Retrieved Values

Median Median Median Median
Case Radius7$, sd.o® Radiusr,, sd. o' Radiusr}, sd. ¢ Radiusr’, sd. o

12 0.04 0.60 0.08 0.40

13 0.04 0.60 e [N 0.04 0.60 e
14 e e 0.60 0.40 e e 0.60 0.40
15 e cee 0.60 0.40 v e 0.60 0.40
16 0.04 0.60 0.60 0.40 0.08 0.40 0.60 0.40
17 0.04 0.60 0.60 0.40 0.04 0.60 0.60 0.40
18 0.04 0.60 0.60 0.40 0.04 0.60 0.40 0.60
19 0.02 0.60 s s 0.04 0.40

20 e e 0.40 0.60 e s 0.40 0.60
21 0.02 0.60 0.40 0.60 0.04 0.40 0.60 0.40
22 0.02 0.60 e oo 0.02 0.60 e e
23 e e 0.60 0.80 ‘oo e 0.60 0.80
24 0.02 0.60 0.60 0.80 0.04 0.40 0.60 0.80
25 0.02 0.60 0.60 0.80 0.02 0.60 0.60 0.80
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Table 6a.
With All Parameters Included in LUT
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Input and Retrieved Characteristics of Aerosol Models for “Average” Retrieval

Input Values

Retrieved Values

Median Median Median Median
Case Radiusr$, s.d.o* Radiusr), sd. o' Radiusrs, s.d. o Radius 4, s.d. o
1 0.02 0.60 0.03 £0.01 047 =0.10
2 0.02 0.60 0.03 £0.01 0.52*0.10
3 0.02 0.60 0.03 =0.01 0.52+0.10
4 0.02 0.60 0.03 £0.01 0.52 =0.10
5 0.04 0.60 e e 0.06 £0.02 0.50 +=0.10 e e
6 s v 0.40 0.60 see e 0.40 £0.02 0.60 = 0.11
7 0.40 0.60 0.40 = 0.02 0.60 = 0.11
8 0.40 0.60 0.40 = 0.02 0.60 = 0.11
9 oo see 0.40 0.60 L e 0.40 = 0.02 0.60 = 0.11
10 0.02 0.60 0.40 0.60 0.06 =0.02 0.51+0.10 0.67=*=023 0.62*0.14
11 0.02 0.60 0.40 0.60 0.05*=0.02 047 *+0.10 0.58 =0.19 0.60 =0.14

very important to notice that the algorithm is able to detect the
presence of such large particles.

5.2.4. Asymmetry parameter g. The asymmetry parame-
ter is well related to the radiative properties. Therefore the
algorithm is again very efficient as reported in Figure 4. Over
the large range of simulated values, from 0.367 to 0.805, “best”
and “average” solutions are returning almost perfectly the in-
put values. Small discrepancies occur only for different wind
speed conditions and when particles are small, as noted in
Tables 5a and 5b. Uncertainty in the surface conditions leads
to choosing the closest model with slightly different radiative
properties. Standard deviations are small, which confirms that
the problem is very well conditioned for this parameter.

5.2.5. Median radius and standard deviation. From re-
sults reported in Table Sa it is obvious that the “best” model
gives perfect results when the input parameters are included in
the LUT. From results reported in Table 5b, which corre-
sponds to input not included in the LUT, we also basically
retrieve the right values except for the following cases: (1)
model S instead of model S5 (cases 12 and 16), (2) model S~
instead of model S, (cases 19, 21, and 24), and (3) model Lz
instead of model L , (case 21).

Referring to Tables 3a and 3b which give the properties of
the models, it is clear that the alternative solutions correspond

Table 6b.
With Some Parameters Not Included in LUT

to aerosol models which have the closest radiative properties
‘to those of the input models; that is, Sz and S, have very
similar effective radius to Sz and S ,, respectively, and L is
similar to L ,. As shown in the work of Tanré et al., [1996], we
are in conditions where the driving parameter is the effective
radius, and the exact values of the two parameters of the size
distribution has no impact. There are conditions where single
narrow size distributions could be retrieved [Kaufinan et al.,
1990]. For instance, for smoke observed with scattering angles
around 100° we should be able to distinguish between narrow
and broad size distribution.

From Table 6a and 6b where “average” solutions are re-
ported, the standard deviation computed for the median radius
is usually small when a single mode is considered but becomes
larger for double modes, mainly for the retrieval of the small
mode r;,. As a general rule, the large mode is retrieved within
the error bars, but larger discrepancies may be observed for the
small mode.

5.3.

In this section we discuss the impact of different types of
errors (random, systematic, or spectrally dependent) that can
be related to issues like the sensor calibration, the contamina-
tion by glint, or a wrong estimate of the water-leaving radiance.

Impact of Potential Sources of Error

Input and Retrieved Characteristics of Aerosol Models for “Average” Retrieval

Input Values

Retrieved Values

Median Median Median Median
Case RadiusrS, s.d.¢® Radiusr), sd. ¢’ Radiusrs, sd. o Radius r, s.d. o

12 0.04 0.60 0.06 = 0.02 0.50 = 0.10

13 0.04 0.60 e 0.06 =0.02 0.50 =0.10 <o cee

14 e e 0.60 0.40 v coe 0.60 = 0.00 0.40 = 0.00
15 con sor 0.60 0.40 oo oo 0.60 = 0.00 0.40 = 0.00
16 0.04 0.60 0.60 040 0.05+0.03 051=*011 0.57=*=0.08 0.43*=0.08
17 0.04 0.60 0.60 040 0.05x0.03 051011 0.57+0.08 0.43=0.08
18 0.04 0.60 0.60 040 0.07x0.02 053=*=0.10 0.64 =022 0.60 =0.14
19 0.02 0.60 e e 0.04 £0.00 0.40 = 0.00

20 soe e 0.40 0.60 oo e 0.50 +£0.10 0.50 = 0.10
21 0.02 0.60 0.40 0.60 0.06 +0.02 0.51=*0.10 0.67*0.23 0.62*0.14
22 0.02 0.60 cee e 0.03=0.01 0.49 =0.10 oo e

23 oee oee 0.60 0.80 oo ces 0.70 = 0.19 0.75 = 0.09
24 0.02 0.60 0.60 080 0.06 =0.02 0.51=*010 0.78 £0.21 0.75*0.09
25 0.02 0.60 0.60 080 0.03+0.01 0.50=*0.11 0.70x0.19 0.70 =0.11
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Figure 2. Same as in Figure 1 but for the ratio 7.

These effects are simulated by adding an error to the measure-
ments L7 in channel j in the following way: (1) for calibration
error, L7* = >L7*(1. — Rnd;), where Rnd; is a randomly
distributed number between =0.01; it represents a random
spectral calibration error of 1%; (2) for glint error, L7* =
>L7 + 0.01; this test considers that the glint may not be
completely avoided or predicted, which adds a constant value
to the reflectance in all channels; (3) for type 1 surface error,
L7 = >L7" + Rnd;, where Rnd; is a randomly distributed
number between +0.002; it represents, for instance, possible
errors in the water-leaving radiance; (4) for type 2 surface
error, L7 = L7 + 0.005/); with A; expressed in microme-
ters; the reflectance is increased by around 0.010 at 550 nm and
0.0025 at 2130 nm; it represents systematic errors in the spec-
tral dependence of the reflectances, like uncertainties resulting
from the foam spectral dependence.

In Figures 5-8, the quarters a, b, ¢, and d show the results for
calibration errors, glint errors, and types 1 and 2 surface errors,
respectively. Results are given for all cases (1-25), i.e., for
input data sets which are included or not included in the LUT.

5.3.1. Optical thickness 7,. For randomly distributed er-
rors (quarters a and c in Figure 5) there is no systematic effect,
and the impact is almost negligible in most cases. Surface
errors due to the glint or due to type 2 surface errors lead to an

poret
eff

Figure 3b. Same as in Figure 3a but for effective radius
smaller than 0.40 pm.

overestimate of the optical thickness as reported in quarters b
and d. The additional surface contribution is translated into a
larger atmospheric contribution, which results in a larger op-
tical thickness. This effect is more important for the small
optical thickness values, i.e., 7 = 0.20, 0.35, or 0.50 than for the
large values, i.e., 7 = 0.85 and 1.00.

It is clear that the ability to retrieve any information about
the aerosols is greatly diminished when the aerosol optical
thickness approaches very small values. In the algorithm, when
the aerosol contribution is smaller than a third of the molec-
ular contribution at 865 nm, the inversion is not performed. If
aerosol contribution is comparable to the molecular contribu-
tion, only the aerosol optical thickness is derived and there is
no derivation of the aerosol size distribution.

5.3.2. Ratio m. Figure 6 clearly shows that it will be dif-
ficult to retrieve this parameter accurately. The dispersion is
quite large for both “best” and “average” solutions, thus the
retrieved values will have to be considered as an estimate. Let
us notice that the glint effect is the most destructive error; it
may result in 100% error, and there is no systematic bias.
Better values of the ratio m will be retrieved far from the
specular reflection, a fact that will be considered in generating
aerosol climatologies from the MODIS data.
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Figure 3a. Same as in Figure 1 but for the effective radius.
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Figure 4. Same as in Figure 1 but for the asymmetry factor g.
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Figure 5. Scatter diagram of the optical thickness; the x axis
corresponds to the input and the y axis to the retrieved values.
Each quarter is devoted to a specific source of errors: Quarter
a corresponds to calibration errors. Quarter b corresponds to
glint error. Quarter ¢ corresponds to type 1 surface error.
Quarter d corresponds to type 2 surface error. The black dots
correspond to the “best” model and the crosses to the “aver-
age” solution (see text). Error bars correspond to the standard
deviation of the “average” solution.

5.3.3. Effective radius r., For effective radii smaller
than 0.2 um (Figure 7b), only glint error leads to a significant
impact for both “best” and “average” solutions. For other
types of errors the best solution (black dots) is giving the right
answer, while the average solution (crosses) shows a very large
variability. For large effective radii (Figure 7a), all the different
sources of errors result in an underestimate of the aerosol size.
As mentioned in section 5.2.3, the sensitivity to large particles
is weak, and there is a threshold value of the effective radius
around 1.0 wm from which the retrieved value is questionable.

5.3.4. Asymmetry parameter g. The presence of errors
does not affect the conclusions made in section 5.2.4. The
retrieval of the asymmetry parameter is still very reliable (Fig-
ure 8). Again the glint error affects more intensively the results
than the other sources of errors but in a nonsystematic way.
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Figure 7a. Same as in Figure 5 but for the effective radius.

6. Application and Validation

The algorithm has been applied to thematic mapper data on
Landsat 5 which has similar VIS, NIR, and SWIR spectral
bands to MODIS (except the band at 1.240 um). It has been
also applied to the MODIS airborne simulator (MAS) data
[King et al., 1996]. Three types of aerosols have been consid-
ered, mineral dust coming from Africa, industrial/urban aero-
sol plumes, and smoke plumes resulting from logging waste
fires.

6.1. Dust Over the Tropical Atlantic Ocean
Near the Senegal Coast

Two field campaigns have been conducted in M’Bour, 80 km
south of Dakar, Senegal in 1986 and 1987. Ground-based mea-
surements, including spectral optical thickness, aureole, and
downward sky radiances, have been performed [Tanré et al.,
1988a]. Four TM image data that correspond to the time of the
ground-based measurements were acquired [Tanré et al.,
1988b], one in 1986 on April 30 and three in 1987 on April 1,
17, and May 3. Different dust loading conditions were ob-
served with aerosol optical thickness at 550 nm varying be-
tween 0.55 and 2.40 (Table 7a). The larger values of the optical
thickness were due to higher concentration of large dust par-
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Figure 6. Same as in Figure 5 but for the ratio 7.
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Figure 7b. Same as in Figure 7a but for effective radius
smaller than 0.40 pm.
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Figure 8. Same as in Figure 5 but for the asymmetry factor g.

ticles [d’Almeida, 1987; Tanré et al., 1988a). The TM reflec-
tances computed over 10 boxes, with a size of 10 X 10 pixels in
each, are reported in Table 7b as well as the standard devia-
tion. Although they are not used in the inversion, values at 470
nm are also provided. As expected, the reflectances are in-
creasing as a function of the optical thickness. Note the flatter
spectral dependence observed on April 17, 1987, due to the
presence of dust plume with the largest particles. The boxes
have been chosen several kilometers away from the coast (Fig-
ure 9) to avoid adjacency effects as well as oceanic turbidity.
The uniformity of the aerosol layer on April 30, 1986, is con-
firmed by the small standard deviation. Variability is larger for
the other days, but the standard deviation remains less than
5% of the signal. It is still quite acceptable for deriving a mean
value over the boxes. There may be cases where a mean value
over a box has no significance, for example, when a dust front
is within the box. Such cases are discriminated in the algorithm.

Results of the inversion are reported in Table 8a for the
“best” model and in Table 8b for the “average” model. The
“average” value has been computed according to its definition
given in section 4.2, i.e., that the average is performed over the
retrieved models as long as & is smaller than 3%. When the
minimum value of & (reported in the Table 8a as. &, is
already larger than 3%, the average is computed over the next
five best solutions but stopping the averaging process as soon
as ¢ is larger than 10%. The resulting maximum value of &,
noted as &,,,,, is reported in Table 8b. Optical thickness values
retrieved from the “best” model (Table 8a) are remarkably in
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Table 7a. Aerosol Optical Thickness Measured at 550 nm
in M’Bour During Field Experiments in 1986 and 1987

Ground-Based

Optical Thickness,
Day 550 nm
April 30, 1986 0.55
April 1, 1987 1.47
April 17, 1987 2.40
May 3, 1987 0.84

a good agreement with the ground-based measurements when
values of e,,;, are small as for April 1, 1987. For April 30, 1986,
and May 3, 1987, the results are also close to the ground
measurements, but the fairly large value of £, seems to
indicate that the present LUT does not include the most suit-
able aerosol models for these days. Results for April 17, 1987,
are not significant since the existing LUT does not include
optical thickness. larger than 2.0; therefore the algorithm is
forced to extrapolate linearly the optical thickness which re-
sults in an overestimated value. For the other aerosol param-
eters we do not have ground-based measurements for validat-
ing the results, but the general behavior is in a good agreement
with what is expected: particles are bigger for larger optical
thickness and biggest for April 17, 1987, with the dust plume.
The ratio between small and large modes and the asymmetry
factor have the right tendency as a function of the optical
thickness. Shettle [1984], for instance, is suggesting values of
0.70 and 0.87 for asymmetry parameter for background desert
and desert dust storm models. These values can be compared
with 0.69 and 0.76 retrieved for the clearest and haziest days.
Let us mention that the temporal evolution of the aerosol size
retrieved from the TM images was confirmed by the aureole
measuréments that were performed during the experiment
[Tanré et al., 1988b]. Results for the “average” model (Table
8b) confirm the results of the sensitivity study; optical thickness
and asymmetry parameters display small standard deviations
when values of 74 and m are more variable. As an example, for
April 1, 1987, the effective radius and the ratio 7 are estimated
within 43 and 40% when the optical thickness and the asym-
metry parameter are estimated within 4 and 3%. This is con-
firmed by the results obtained on May 3, 1987, but it is less
clear for April 30, 1986, where the accuracy is also good for the
ratio n and the effective radius. Again optical thickness for
April 17, 1987, is not significant since the retrieved value cor-
responds to the limits of the present LUT.

Table 7b. Mean Reflectances Expressed in Percent and Standard Deviations in Thematic
Mapper (TM) Solar Spectral Bands Over Tropical Atlantic Ocean Close to Senegal
Seashore
Mean Reflectance Meaﬁ Reflectance Mean Reflectance Mean Reflectance
TM Band, and s.d., and s.d., and s.d., and s.d.,
nm April 30, 1986 April 1, 1987 April 17, 1987 May 3, 1987
470 11.78 = 0.11 16.26 = 0.49 18.96 = 0.08 - 13.84 = 0.10
550 8.35 £ 0.16 13.52 + 0.58 19.55 = 0.22 10.34 = 0.21
650 6.54 = 0.10 12.48 = 0.51 20.84 = 0.24 8.87 = 0.17
865 5.21 £ 0.09 11.24 = 051 21.61 = 0.32 8.03 = 0.29
1600 2.69 = 0.07 6.86 = 0.32 16.67 = 0.32 4.10 = 0.14
2200 1.95 + 0.04 5.54 = 0.28 15.18 = 0.30 3.20 = 0.09

Average is performed over 10 oceanic targets whose size is 10 X 10 pixels (300 m X 300 m).
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Figure 9. Thematic Mapper (TM) image on April 30, 1986 in band TM4 (865 nm) over the tropical Atlantic
Ocean, near the Senegal coast, showing the locations of the 10 targets.

6.2. Sulfate Aerosols Over the Atlantic Ocean
Near the U.S. East Coast

The Sulfate Cloud and Radiation experiment—Atlantic
(SCAR A) was conducted July 1993 in the eastern United
States Atlantic region. It was designed to measure the prop-
erties of urban and industrial pollution dominated by sulfate
particles [Remer et al., this issue]. The SCAR A experiment
included a full integration of the operations of the Aerosol
Robotic Network (AERONET), a field network of Sun-sky

radiometers [Holben et al., 1996], an instrumental C-131A air-
craft with in situ and radiometric measurements [Hegg et al.,
1995] and the NASA ER-2 aircraft instrumented with the
MODIS airborne simulator (MAS) and the airborne visible
infrared imaging spectrometer (AVIRIS). Measurements were
conducted during relatively clear and hazy conditions and in
the presence and absence of clouds. NOAA/AVHRR and
Landsat 5/TM images were acquired. Although the MAS data
are available, they are not used hereinafter because of calibra-

Table 8a. Aerosol Parameters Retrieved From “Best” Aerosol Model for Four TM
Images Acquired Over Tropical Atlantic Ocean

Day . 7", 550 nm 7, 550 nm Test g n Emins 70
April 30, 1986 0.55 0.66 0.29 0.73 0.62 6.1
May 3, 1987 0.84 1.08 0.39 0.73 0.42 73
April 1, 1987 1.47 1.51 0.51 0.74 0.25 1.3
April 17, 1987 2.40 3.36 0.98 0.76 0.00 42

Table 8b. Aecrosol Parameters Retrieved From “Average” Aerosol Model for Four TM
Images Acquired Over Tropical Atlantic Ocean

Day 7,550 nm 7/, 550 nm T ot g n v Emax %0
April 30, 1986 0.55 0.61 = 0.08 0.26 = 0.04 0.69 = 0.04 0.61 = 0.08 8.8
(13) (15) (6) (13)
May 3, 1987 0.84 1.02 = 0.13 0.31 =0.10 0.70 = 0.03 0.32 = 0.15 9.9
_ (13) (32) 4) (47)
April 1, 1987 1.47 1.43 = 0.06 0.35 = 0.15 0.71 = 0.02 0.15 = 0.06 3.0
“4) (43) (©) (40)
April 17, 1987 2.40 3.36 = 0.00 0.98 = 0.00 0.76 = 0.00 0.00 = 0.00 42
(N/A) (N/A) (N/A) (N/A)

Number in parentheses is the standard deviation divided by the mean (in percent).
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Figure 10. TM image on July 28, 1993 in band TM4 (865 nm)
over the Atlantic Ocean, near the United States eastern sea-
board, showing the locations of the seven selected zones. The
two white dots correspond to the locations of the Sun photom-
eters.

tion problems. SCAR A was one of the first MAS campaigns,
and the calibration was not fully reliable at that time.

The AERONET Sun photometers were settled mostly along
the Atlantic coast, with an instrument at Wallops (N37°56/,
W75°28") and one in Hog Island (N37°25', W75°42"). The TM
images were acquired in the same area. Figure 10 shows the
locations of the Sun photometers and the locations of seven
oceanic zones selected for the analysis. The TM pixel size has
been adjusted to the MODIS resolution, and the box size is 10
km X 10 km. Zones 1, 6, 3, and 7 are on a line parallel to the
seashore, 50 km from the coast. Zones 2 and 4 are also on a
line parallel to the coast but closer, around 15-20 km from the
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Figure 11a. TM reflectances normalized at 865 nm as a func-

tion of the wavelength for the seven zones on July 12, 1993.

coast. Zone 5 is within the Chesapeake Bay. Mean TM reflec-
tances and standard deviations computed over the seven boxes
are reported in Table 9a for July 12, 1993, and in Table 9b for
July 23, 1993. Spectral reflectances for zones 2, 4, and 5 clearly
show a strange behavior for both days. After subtracting the
molecular component in each band, we plotted the reflec-
tances, normalized at 865 nm, as a function of the wavelength
in Figure 11a for July 12, 1993, and in Figure 11b for July 28,
1993. If the larger values of the normalized reflectance ob-
tained at 0.55 and 0.65 um could be explained by a larger water
turbidity expected near the coast, we have no explanation for
the small values observed at 1.64 and 2.13 wm over zones 2, 4,
and 5 for both days. The spatial variability of the aerosol layer
is not the issue. From Table 9a, by reporting the reflectance
values over the boxes 1, 6, 2, 3, 4, and 7, it is clear that the
aerosol layer on July 12, 1993, displays at 550 nm a smooth
decrease from the North to the South confirmed by the
ground-based measurement. It is no longer true at 1.64 and
2.13 um, where the reflectances over zones 2 and 4 are much
smaller than over the other zones. Same conclusion can be

Table 9a. Mean Reflectances Expressed in Percent and Standard Deviations in Thematic Mapper Solar Spectral Bands
During SCAR A Experiment on July 12, 1993
Band, nm Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 Zone 7
550 7.87 = 0.13 7.16 = 0.13 6.99 = 0.13 7.01 = 0.16 7.74 £ 0.17 7.43 = 0.14 6.64 = 0.14
650 6.29 £ 0.12 543 +0.12 5.50 = 0.07 5.10 = 0.13 5.51 £0.08 5.91 = 0.13 513 +0.14
865 531 x0.19 4.01 =0.19 447 £0.10 3.55 +0.19 339 x0.11 4.96 = 0.17 414 £0.13
1600 3.01 £0.11 1.52+0.13 2.33 = 0.08 1.21 £ 0.18 0,91 = 0.08 2.76 = 0.07 2.16 £ 0.07
2200 1.97 = 0.11 0.68 = 0.15 141 = 0.15 0.37 £0.19 0.06 = 0.06 1.78 = 0.16 1.32 = 0.07

Average is performed over boxes whose size is 10 km X 10 km.

Table 9b. Mean Reflectances Expressed in Percent and Standard Deviations in Thematic Mapper Solar Spectral Bands

During SCAR A Experiment on July 28, 1993

Zone 5

Band, nm Zone 1 Zone 2 Zone 3 Zone 4 Zone 6 Zone 7
550 5.66 + 0.06 4.76 = 0.11 5.62 +0.17 4.80 = 0.05 5.45 +0.13 5.63 £0.11 572 £0.18
650 426 +0.10 2.94 +0.22 4.02 +0.14 2.88 +0.14 3.45 = 0.05 4.16 +0.12 4.01 £0.16
865 331 +0.16 1.64 = 0.26 2.94 +0.18 1.59 = 0.19 1.59 = 0.09 3.14 = 0.17 2.80 = 0.20

1600 1.89 + 0.11 0.20 +0.22 1.34 =013 . 0.08 +0.12 0.12 = 0.10 1.66 = 0.11 1.06 = 0.11
2200 1.25 £ 0.13 0.0012 0.71 £ 0.13 0.0012 0.0012 1.00 = 0.10 0.39 £0.12

Average is performed over boxes whose size is 10 km X 10 km.

“Because of calibration the reflectances over these targets were slightly negative and were put equal to 0.001.
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Figure 11b. Same as in Figure 11a but for July 28, 1993.

made on July 28, 1993. It could be due to instrumental prob-
lems, because of adjacent bright coast the instrument may have
difficulty recovering from the large values over the land, re-
sulting in an undershoot. Calibration is definitively an issue
since we get slightly negative values on July 28, 1993, at 2.13 um,
but it cannot be the only explanation.

The retrieved aerosol parameters are reported in Table 10a
for the “best” solution over the seven zones and the “average”
performed over the five better solutions in Table 10b for zones
1, 3, 6, and 7 only. Table 10a reflects also the problem regard-
ing zones 2, 4, and 5. We even cannot invert data on July 28,
1989, for these zones and on July 12, 1993, the very large values
of &, proves that the results are not significant. Nevertheless,
if we limit our analysis to zones 1, 6, 3, and 7, ground-based and
retrieved optical thicknesses compare very well, even better for
the “average” solution. The effective radii of both modes are
quite stable for the four zones, 0.11-0.18 and 0.90-2.00 for the
small and large modes, respectively (Table 10b). For compar-
ison, measurements by the AERONET instrumentation re-
ported effective radius of the accumulation mode in the range
0.16—0.18 on July 12 (0.11-0.16 in the present analysis), and
0.12-0.13 on July 28 (0.11-0.18 in the present analysis). The
urban/industrial aerosol dynamic model [Remer et al., this is-
sue] identifies accumulation mode particles between 0.09 wm
for very clear conditions and 0.19 um in hazy conditions, as
well as a maritime coarse particle mode at 1.2 um.

OF PROPERTIES OVER OCEANS

On July 12, 1993, the latitudinal gradient of n between the
southern and the northern zones is correlated to an increase in
the optical thickness 7, n = 0.73 for v = 0.48 and n = 0.47 for
7 = 0.62 for the “best” solution; n = 0.67 for v = 0.46, and
1 = 0.29 for r = 0.53 for the “average” solution. Although
these results are in agreement with Remer et al. [this issue], the
present accuracy of our retrieval, as noted by the high values of
Emin, is NOt sufficient for making a definitive statement.

6.3. Smoke Over Pacific Ocean Near
the U.S. West Coast

The Smoke Cloud and Radiation experlment—-Callforma
(SCAR C) was conducted in September 1994 in the Pacific
Northwest. It was designed to measure the entire process of
biomass burning, including ground-based estimates of fuel
consumption, airborne sampling of the smoke aerosol and
trace gases, and airborne and spaceborne remote sensing of
fires and smoke [Kaufinan et al., 1996]. Remote sensing images
of fires and smoke were taken by MAS and AVIRIS flown on
the ER-2 aircraft. We analyze the MAS data for the Qumault
prescribed fire in Washington state using the observations per-
formed from the ER-2 at 2030:54 GMT. The fire was lit very
close to the seashore with wind transporting the smoke over
the ocean. The fuel of this prescribed fire consisted of old-
growth large western red cedar debris left over logging [Hobbs
et al., 1996]. Results are reported in Table 11 as a function of
the dlstance from the fire. Note that for the prevailing wind of
7 ms™*, smoke measured 25 km offshore represent smoke that
is 1 hour old and that was emitted from the fire 1 hour earlier
than the smoke observed close to the fire. The smoke plume
shown in Figure 12 is narrow and nonuniform. Therefore ap-
plication of the present algorithm may be limited by the as-
sumption of a plane parallel atmosphere used in the genera-
tion of the lookup tables. Limitations in the calibration
accuracy prohibited us to use the 1.64 and 2.13 pum channels. In
these channels the smoke is very transparent with a very weak
backscattered signal [Kaufman, 1993)]. Therefore small calibra-
tion errors generated even negative values of the upward ra-
diance in these channels.

The results show a very stable small particle mode with r
= 0.06 um and a coarse particle mode with r & = 2.5 pm that
disappeared 16 km (or 40 min) from the shore. Measurements
of the particle size distributions from collections on nucleopore
filters shows that the accumulation mode particle size distri-

Table 10a. Aerosol Parameters Retrieved From “Best” Aerosol Model for Two TM

Images Acquired During SCAR A Experlment

7", 550 nm ", 550 nm Emins
Day (Wallops) (Hog Island) 7, 550 nm Tese g ] %

July 12, 1993 0.60 = 0.04 0.57 = 0.04 0.62 (zone 1) 0.36 0.73 0.47 8.9
0.57 (zone 6) 0.34 0.73 0.50 10.0

0.55 (zone 3) 0.26 0.73 0.71 12.8

0.48 (zone 7) 0.26 0.72 0.73 12.9

0.42 (zone 2) 0.12 0.57 1.00 22.0

0.33 (zone 4) 0.12 0.57 1.00 31.6

0.27 (zone 5) 0.06 0.27 1.00 51.9

July 28, 1993 0.20 * 0.02 0.21 £0.01 0.26 (zone 1) 0.35 0.73 0.28 10.5
0.30 (zone 6) 0.21 0.72 0.89 13.8

0.21 (zone 3) 0.12 0.57 1.00 183

0.18 (zone 7) 0 12 0.57 1 00 29.0

N/A (zone 2)
N/A (zone 4)
N/A (zone 5)
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Table 10b. Aecrosol Parameters Retrieved From the Five “Best” Aerosol Models for Two
TM Images Acquired During SCAR A Experiment

Tr) 550 nm rfeff r’eff Tett n Emaxs %

July 12, 1993

zone 1 0.53 = 0.05 0.11 = 0.06 0.90 = 0.00 0.26 = 0.08 0.24 = 0.15 10.0

zone 6 0.52 = 0.08 0.13 = 0.05 0.92 = 0.05 0.28 = 0.08 0.36 = 0.19 12.0

zone 3 0.52 = 0.10 0.16 = 0.05 1.04 £ 0.26 0.23 = 0.03 0.66 = 0.21 15.0

zone 7 0.46 = 0.09 0.16 = 0.05 1.04 = 0.26 0.23 = 0.03 0.67 = 0.22 15.0
July 28, 1993

zone 1 0.22 = 0.02 0.11 = 0.06 0.90 = 0.00 0.32 £ 0.05 0.21 = 0.18 11.0

zone 6 0.30 = 0.05 0.18 = 0.04 1.46 = 0.09 0.20 = 0.01 0.89 = 0.17 14.0

zone 3 0.21 = 0.00 0.12 = 0.06 228 +1.74 0.12 = 0.00 1.00 = 0.00 18.3

zone 7 0.18 = 0.00 0.12 = 0.00 228 + 1.74 0.12 = 0.00 1.00 = 0.00 29.0

bution varied from a radius of 0.06 wm for flaming conditions
close to the fire to 0.14 um for a mixed 2 hours old smoke
[Martins et al., 1996). Large coarse particles were also observed
in flaming conditions close to the fire. Hobbs et al. [1996]
analyzed the in situ measurements of the size distribution of
aerosol particles in these prescribed fires. From these measure-
ments we can deduce that the particle size decreased from
Tege = 0.12 pm in the flaming stage to 0.10 um in the smolder-
ing stage. He also found the particle size to increase from r 4
= (.11 pm for fresh flaming aerosol to 0.17 two hours later.
These particle sizes are somewhat larger than the size derived
from the remote sensing data, but direct validation of the
particle size in the whole vertical column is not available. The
finite horizontal dimensions of the smoke plume are expected
to affect the longer wavelengths more than the shorter wave-
lengths due to the spectral variability of the smoke opacity.
This may result in artificially smaller particles.

In summary, the remote sensing data depicted correctly the
reduction in the particle size from the urban/industrial haze
aerosol to the smoke aerosol. This reduction is consistent also
with the dynamic aerosol models for both conditions with 7
= (0.19 pm for the urban/industrial haze aerosol in the mid-
Atlantic region of the United States and 0.11 um for mixed
smoke aerosol in South America [Remer et al., 1996].

7. Discussion

The present comparison of the field experiment data with
the retrieved aerosol parameters is very encouraging. See, for
instance, Figure 13, which summarizes the optical thickness
results for both the African and the SCAR A data. Neverthe-
less, testing the algorithm with actual data has disclosed several
problems in the present scheme: (1) the maximum value of the
optical thickness (7, = 2.0) has to be increased to deal with

large mineral dust plumes as well as with smoke plumes; (2)
the uniformity of the aerosol layer within the box, aerosol
content, or aerosol type can be a problem at a scale of 50 X 50
km?; (3) additional aerosol models need to be included in the
LUT, refractive index, or size distribution to better fit the
spectral radiances. The choice of the width of the size distri-
bution o is not crucial so long as the right values of the effec-
tive radius are included [Kaufman et al., 1990; Tanré et al.,
1996]. Regarding the surface properties, the water-leaving ra-
diance at 555 nm is well determined for pigment concentra-
tions up to 0.5 mg/m> but is affected by fluctuations for larger
concentrations [Gordon, 1996]. This channel may not be used
in the algorithm over waters known to be very productive so
long as an estimate of the concentration is not available. It
would affect the retrieval of the small mode. There are also
improvements that can be easily implemented; we can add to
the LUT an intermediate value of n (n = 0.5) to reduce the
possible errors introduced in the retrieval by the use of (6).
Additional issues, although not discussed in this paper, have
also to be addressed in the future. When volcanic eruptions
occur, like the most recent Pinatubo eruption in June 1991,
they generate a large amount of aerosols within the strato-
sphere. Already a few weeks after an eruption, the strato-
spheric component can be larger than the tropospheric signal
that we are analyzing, and a correction has to be made. It could
be done using the data provided by the sensors using the solar
occultation approach [Kent et al., 1988; McCormick and Veiga,
1992] or given by the 1.37 um channel on MODIS for cirrus
and stratospheric aerosol detection [Gao and Kaufiman, 1995].
The number of cloud-free pixels within the box is also an
important question, as is the maximum percentage of cloud
cover we accept for making the inversion. Depending on the
point spread function (PSF) of the instrument, the minimum

Table 11. Aerosol Parameters Retrieved From Five “Best” Aerosol Models for MAS

Data Acquired During SCAR C Experiment

Distance, €,
km e Test Tets g T n %

5 0.06 =000 248*+1.68 0.082*0.028 034 259x014 0.86=*0.02 1.0

8 0.06 =000 248=*=1.68 0.067 =0.011 030 212%=0.04 0.95=*0.01 1.2

16 0.06 £0.00 248=*=1.68 0.060+0.000 0.27 1.55 = 0.00 1.00 =000 3.2

20 0.06 0.00 248 *+1.68 0.060 +=0.000 0.27 1.07 = 0.00 1.00 =000 54

28 0.06 £0.00 248=*=1.68 0.060+0.000 0.27 1.10 = 0.00 1.00 =000 7.0

36 0.06 £0.00 248=*=1.68 0.060+0.000 0.27 1.05 += 0.00 1.00 =000 9.8

44 0.06 +0.00 248=*=1.68 0.060+0.000 0.27 1.34 = 0.00 1.00 =000 3.5

The ¢ is computed over three spectral bands, i.e., 550, 659, and 865 nm.
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Figure 12. MODIS airborne simulator image on September
21, 1994, at 550 nm over the Pacific Ocean, near the United
States western seaboard, showing the locations of the seven
zones within the smoke plume.

distance between the cloud-free pixels and the edge of a
cloud is also an issue. A compromise has to be found for
performing good retrieval without applying too restrictive
conditions.
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Figure 13. Comparison between the aerosol optical thick-
ness measured at the ground level and the aerosol optical
thickness retrieved from TM data for the African and SCAR A
experiments.
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8. Conclusion

The present study has confirmed the potential of MODIS for
retrieving the aerosol parameters like the optical thickness and
the asymmetry parameter, the domination of the accumulation
or coarse mode, and to a lesser extent the ratio between the
modes and the size of the main mode. When the spectral
measurements are similar to a model included in the LUT,
then the optical thickness is very well reirieved. In this regard,
£..in Values are a good indicator of the quality of the retrieval.
The size of particles is also fairly well monitored, as shown by
the results obtained for the different aerosol types. A first
rough estimate of the general accuracy is A7 = £0.05 = 0.57
(at 550 nm), Ar,, = *30%, An = =0.25, and Ag = =0.03.

The quality of the inversion strongly depends on the quality
of inputs used to build the LUT. Surface contribution is a
major issue; the spectral reflectance of the foam has to be
accurately determined; wind speed estimated from general cir-
culation models and water-leaving radiance should be prefer-
ably estimated from MODIS itseif or at ieast from standard
ocean color maps. Glint mask has also to be efficient because
glint uncertainty results in very large errors. The AERONET
Sun photometer network has to be maintained and extended
for a better characterization of the aerosol particles.

The philosophy used to build our algorithm has been shown
quite adequately. After its validation the aerosol information
derived from MODIS should be very well adapted for studying
aerosol climatology, i.e., to monitor the sources, the transport
and the sinks of specific aerosol types, the interaction of aero-
sol with water vapor and clouds (both monitored by MODIS),
and finaiiy their radiative forcing.

Appendix
Optical Properties

1. The asymmetry factor is defined by [Chandrasekhar,
1960]

1 +
gr= jf uPy\(n) dp (A1)

-1

where P, () is the aerosol phase function and p is the cosine
of the scattering angle. The asymmetry factor of the total size
distribution is obtained from

WHTI T TGS
h= 0Ty T 0T (A2)
where g5, and g’, are the asymmetry factors of each mode; wf),
and o}, are the single-scattering albedos; 75, and 7’ are the
optical thicknesses.

2. The backscattering ratio B8, is defined by [Wiscombe and

Grams, 1976]

+l

Br=5-| rPAwdp (A3)

-1

The backscattering ratio of the total size distribution is then
obtained from

§ s 1 _Inpl
opTABY T W T\BA

= 2k Ad
Br= = oo F o) (A4)

where B3 and B are the backscattering ratio of each mode.
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Physical Properties
1. The moments M, of the order of k are defined by

M, = J rn(r) dr (A5)
0
which for a lognormal distribution gives
M, = =r* exp {3k* In? (o)} (A6)

It allows us to compute the effective radius . and the effec-
tive variance of the size distribution which are respectively
given by

_ N'M3 + N'M} .
Teft = NSMSZ + ]\[IMI2 ( a)
NMS, + N'M.,
(ATb)

Tt = Ny + NV,

2. The number of cloud condensation nuclei of the small
mode, N ccn; is defined by

Neey = N* f : n'(r) dr = N°0.5(1 — erf(4))  (AS8)

rn

where 7, = 0.03 um and 4 = (1/(2)Y?)(In (r/r5,)/1In ().
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